Introduction
Fluorescent analogues of biomolecules have attracted considerable attention over the past few decades. [1] [2] [3] While many biomolecules, such as nucleobases, aromatic amino acids and their metabolites are inherently fluorescent, they require high energy excitation between 250 and 300 nm and emit in the UV or blue edge of the visible spectrum. Fluorescent analogues of many biomolecules, especially nucleobases, have been successfully generated by expanding the existing aromatic framework of the parent molecule thereby lowering the HOMO-LUMO gap and pushing excitation and/or emission to longer wavelengths.
The presence of aromatic cores in many non-natural ligands, such as pharmaceuticals or drug-like compounds, suggests that these molecules should also behave as fluorescent probes, or can readily be modified to generate fluorescent analogues. We recently reported a family of fluorescent quinazolines (general structure A) designed as mimics of EGFR/ERBB-targeted chemotherapies gefitinib, erlotinib and lapatinib (Figure 1 ). 4 These kinase inhibitors are employed to treat cancers with deregulated ERBB receptors and represent paradigms for alternative modes of kinase inhibition, i.e. type I, active state, and type II, inactive state, inhibitors. They inhibit, to varying degrees, all three ERBB receptors with robust kinase activity, i.e. EGFR, ERBB2 and ERBB4. This makes them especially useful in conjunction with specific receptor directed antibody regiments, such as Trastuzumab for ERBB2, or following the emergence of resistance against the first line of treatment. By extending the quinazoline core common to gefitinib or erlotinib (Figure 1 ), we were able to generate fluorescent mimics with excitation and emission wavelengths in the visible region of the spectrum. 4a These probes also exhibited 'turn-on' fluorescence induced by binding to the ERBB2 kinase domain. This ON/OFF emission switching is a direct result of their intramolecular charge transfer (ICT) excited states which leads to quenching in polar environments such as water. When bound in the solvent-excluding and relatively apolar ATPbinding pocket of ERBB2, emission is enhanced. The structure of lapatinib is somewhat unique amongst the EGFR/ERBB inhibitors in that it possesses a pendant furan ring at the 6-position of the quinazoline core, required for the stabilizing insertion into a hydrophobic pocket that is specific to the inactive state. This structure suggests that lapatinib should have somewhat longer wavelength excitation energies than other members of the quinazoline class of inhibitors, such as gefitinib and erlotinib; these ligands have only solubilizing ether substituents at the 6-position. Solutions of lapatinib appear yellow, indicative of optical transitions in the violet to blue region of the visible spectrum and, under illumination of a UV-lamp, solutions of lapatinib in organic solvents exhibit blue to green fluorescence. As part of our on-going investigations into fluorescent ligands, we decided to study the basic photophysical properties (e.g. λ max, abs , ε, λ max, em , φ em ) of lapatinib to determine if it could function as a competent fluorescent reporter. Our results show that lapatinib possesses an S 0 -S 1 transition in the UV to violet region of the spectrum and exhibits environmentally-sensitive fluorescence in the blue to green portion of the spectrum. Most importantly, emission is dramatically enhanced upon exposure to the lipophilic drugcarrying protein, albumin, as well as the ERBB2 kinase domain, but with distinct spectra for the bound species. We were able to image the uptake and distribution of lapatinib in MCF7 cells; we observed, surprisingly, that lapatinib forms fluorescent aggregates in the cytoplasm, but does not show signs of binding-induced emission in ERBB2, even in the presence of highly overexpressed ERBB2.
Results and discussion

Electronic structure of lapatinib
We first investigated the electronic structure of lapatinib through TD-DFT calculations at the 6-31G* level using the Coulomb-attenuating method, CAM-B3LYP. 5 The geometry of EGFR-bound lapatinib (PDB ID: 1XKK) 6 was utilized for the TD-DFT calculations, with the non-conjugated atoms, i.e. the amino-sulfone and benzylic fragments, removed (see ESI for atomic coordinates). Inspection of the frontier molecular orbitals (FMOs) reveals that the HOMO is distributed over both the furan and quinazoline ring systems while the LUMO is largely concentrated on the quinazoline core ( Figure 2 ). The FMO distribution suggests that there should be a moderate degree of charge redistribution following the one electron excitation to the S 1 state. In the gas phase, two closely spaced transitions are predicted at 330 nm and 300 nm. While these values suggest that excitation would be optimal in the UV, a prominent shoulder extends to longer wavelengths ( Figure 3 ). The moderately polar environment of the ATP binding pocket may also influence the optical properties of lapatinib, shifting the optical transitions to slightly longer wavelengths. Our previous investigations of solvent-excluding binding sites revealed a polarity close to that of THF 7 and when this solvent dielectric is employed in the TD-DFT calculations, the S 0 -S 1 transition is predicted to occur at slightly longer wavelengths (λ max, abs of 347 nm) making excitation with a DAPI filter set or 405 nm diode laser feasible.
Optical spectroscopy
In the solution UV-vis spectra of lapatinib ( Figure 3 ) the longest wavelength absorption appears at 367 nm in methanol and 380 nm in THF, in good agreement with the calculated values. The molar absorptivity in both solvents is moderately high with a value near 30,000 M -1 , cm -1 . The closely spaced transitions predicted by TD-DFT appear to be more clearly separated in the actual spectra, with the second prominent transition at approximately 325 nm for both solvents. Broad shoulders extend from the longer wavelength peaks into the violet portion of the visible spectrum. The molar absorptivity at 405 nm is between 10,000 in MeOH and 20,000 in THF, suggesting that confocal microscopy using this excitation source is feasible.
In methanol, the emission of lapatinib is largely quenched, with φ em of only 2.8 x 10 -3 . As the excited state is expected to exhibit some charge transfer character based on the quantum chemical calculations, this is not unexpected since methanol is a quite polar solvent with a value of 55.5 kcal/mol on Reichart's E T (30) scale. 8 In a less polar solvent, such as THF, E T (30) = 37.4 kcal/mol, the quantum yield is 0.14, an increase of 40-fold compared to methanol.
Binding and aggregation induced emission
Solution spectroscopy suggests that lapatinib may exhibit binding-induced emission enhancements. In water (E T (30) = 63.1 kcal/mol) 8 as in MeOH, fluorescence should be quenched, while in the less polar and geometrically defined environment of a binding pocket, emission should be enhanced. We attempted to obtain the quantum yield of lapatinib in both water and phosphate buffered saline (PBS), however, the hydrophobic HOMO LUMO nature of lapatinib led to substantial aggregation, as previously reported by Owen et al. 9 In their studies, use of a surfactant (Tween-80) reduced aggregation and restored the antiproliferative activity of lapatinib and other drugs. In the body, carrier proteins such as albumin or α 1 -acid glycoprotein bind hydrophobic molecules, helping to eliminate aggregation and distribute lapatinib. 10 Therefore, in addition to investigating the optical response of lapatinib upon binding to ERBB2, we also explored the optical properties albumin-bound lapatinib, as well as aggregates formed in aqueous solutions.
Addition of DMSO-solubilized lapatinib to PBS to produce a clinically-relevant concentration of 3 µM, 11 results in the formation of aggregates with a hydrodynamic radius of approximately 150 nm ( Figure 4 ) as determined by dynamic light scattering (DLS). The aggregates increase in size over a 60 min period until a visible precipitate can be observed. The lapatinib aggregates were found to be emissive, with an emission maximum of 464 nm, but a relatively low quantum yield (Table 1) . This behaviour is similar to many other dyes that exhibit aggregation induced emission (AIE) and may be the result of limited rotation between the furan and quinazoline systems. Alternately, molecules present inside the aggregates should experience a less polar environment, which could lessen non-radiative decay pathways of charge transfer excited states. In either case, the presence of fluorescent aggregates could significantly impact solution spectroscopy and fluorescence microscopy, however, the use of Tween-80, as reported by Owen et al, 9 or the presence of a lipid-carrier protein should eliminate this issue.
Aggregation is indeed eliminated in the presence of 100 µM (6.6 mg/ml) bovine serum albumin (BSA); DLS reveals a mean particle size of 7 nm that is indistinguishable from BSA alone and the particle size remains unchanged; these solutions are stable with no precipitate observed for at least 48 hours. From this result, we conclude that lapatinib must be bound to BSA and likely resides in one of the hydrophobic pockets of the protein. This notion is supported by fluorescence spectroscopy (10 µM BSA, 1 µM lapatinib) as the emission wavelengths and lifetimes differ significantly from those observed for lapatinib aggregates ( Table 1 ). The emission is blue shifted by 41 nm while the lifetime exhibits a biexponential decay with a very short component of 0.06 ns and a longer component of 1.1 ns.
We next examined the optical response of lapatinib (200 nM) in solutions of the soluble ERBB2 kinase domain fragment, amino acids Q679-V1255, (500 nM). The emission maximum of lapatinib appears at 445 nm, in between that observed for the aggregates and BSA-bound forms. The emission lifetime measurements reveal two components: the longer component of 2.7 ns (79%) is readily assigned to ERBB2-bound lapatinib, while the shorter and less abundant component (21%) of 0.48 ns can be traced to aggregates of unbound lapatinib.
Taken together these results demonstrate that lapatinib exhibits a turn-on emission response that can be induced either by binding to a hydrophobic pocket, or through aggregation. The emission maxima progress in approximately 20 nm increments from BSA-bound, to ERBB2-bound to the aggregates. While the emission peaks overlap, the emission lifetimes are distinct and allow for resolution of the bound and unbound populations.
Confocal microscopy
The ERBB2 gene is amplified in approximately 30% of breast cancer patients, leading to a substantial overproduction of the receptor. This results frequently in more than 1 million receptors per cell as opposed to 1000 or less in non-transformed cells. However, protein levels often do not correlate well with gene amplification levels, and the responsiveness to ERBB2 targeted antibodies shows often a poor correlation with detected ERBB2 levels. The gold standard for the determination of ERBB2 status of a cancer remains therefore the very labourintensive analysis by fluorescence in situ hybridization (FISH). 12, 13 The rationale for this discrepancy is poorly understood, but one limitation is the presence of ERBB2 species with altered antibody epitopes or truncated species that lack the segments being detected altogether. These truncated species have been shown to be even more tumorgenic than the full-length receptor. [14] [15] [16] The binding-induced emission of lapatinib might serve as an alternative test that uses a simple and stable fluorescent "stain" to detect the presence of ERBB2 kinase domains, regardless of modifications in the remainder of the protein. We therefore decided to examine the optical response of lapatinib when exposed to ERBB2-overexpressing MCF7 and BT474 cells. As previously reported, aggregation of lapatinib will lower the efficacy in cell culture. 9 While their study restored drug efficacy through the use of a surfactant, our optical spectroscopy and DLS studies revealed that serum albumin can also inhibit aggregation of lapatinib, and is arguably more representative of the carrier and exchange behaviour in vivo. MCF7 and BT474 cells used for imaging studies, were cultured in media containing 10% fetal bovine serum, which we found to be sufficient to inhibit aggregate formation. To ensure the absence of aggregates, cell culture media containing lapatinib (3 µM) was allowed to stand for 2 hours before being passed through a 0.200 µm filter. These solutions were added to the cells, which were then imaged either immediately or at 24 and 48 hours, using a 405 nm excitation source. 15 minutes after addition, lapatinib was clearly visible inside the cells and was widely distributed throughout the cytosol ( Figure 6A ). With prolonged exposure ( Figure 6B ) very bright punctate structures were also observed within the cytosol. The emission spectrum of lapatinib at early time points was red-shifted relative to the emission observed when bound to ERBB2 or BSA and very closely matches the emission spectrum of aggregates obtained in PBS solutions ( Figure 6C ). This suggests that the lapatinib is aggregating rapidly upon entering the cell and the vast majority of the observable lapatinib is not bound in a hydrophobic pocket, which should be distinguishable by bluer emission maxima. The emission spectrum of the larger aggregates observed after 24 h is red-shifted further by approximately 60 nm. This may be the result of electronic coupling between lapatinib molecules, leading to delocalized excited states with lower energy emission. Interestingly, no emission was observed at the cell membrane, where ERBB2 is localized. The presence of ERBB2 was confirmed through immunofluorescence (see ESI), but no lapatinib emission was found to colocalize with the labelled antibodies. Previous studies 17,18 have demonstrated the ability to image ON/OFF dynamics of fluorescent probes binding to approximately 50,000 membrane proteins. One possible explanation is that the ERBB-bound pool of lapatinib is not adequately excited at 405 nm compared with the intracellular aggregates. We recently investigated 18c such a case in which a protein bound form of a dye could be selectively imaged by shifting the excitation source from 458 nm to 405 nm. Based on the excitation spectra ( Figure 5 ), lapatinib is optimally excited near 370 nm. Therefore, we attempted to image ERBB2-bound lapatinib using an epifluorescent microscope equipped with a UV bandpass filter set, then via a two photon confocal microscope with excitation at 765 nm. In neither case were we able to detect lapatinib emission at the membrane.
Several factors may contribute to the apparent absence of lapatinib fluorescence despite the abundance of binding sites in these ERBB2-overexpressing cells. First, the presence of chaperone proteins may preclude access to the ATP-binding fold. Specifically the abundant chaperon HSP90 is known to associate constitutively with the ERBB2 kinase domain. 19 However, given the high affinity of lapatinib to the intracellular segment of ERBB2, estimated from its K i of 13 nM, 20 any interfering protein complex would have to be of significantly higher effective affinity to cause more than just a time delay in saturation.
The expectation that cellular ERBB2 should be fully saturated by lapatinib is derived from inhibition data. Inhibition data only state that 100% of the signalling competent receptors can be saturated and blocked with inhibitor, however, this inhibited population may represent only a portion of the total receptor pool. Studies on the state of clustered ERBB2 receptors in overexpressing cancer cells, using gold particlemodified antibodies and electron microscopy, 21 found that clusters of ERBB2 only contain a small portion of phosphorylated receptors, suggesting a small pool of catalytically active species. Even under conditions of ligandinduced hetro-dimerization and activation at low receptor levels, only a very small population of receptors takes part in dimerization. 22 Thus, one possible explanation for the lack of observable lapatinib fluorescence is that only a small pool of autoactivated receptors may be the target for inhibition and saturation by lapatinib. Alternatively, lapatinib may stabilize an inactive state that is subsequently handed over to other inactive state stabilizing complexes that replaces lapatinib. Many of the factors involved are multimeric or clustered and their true affinities may involve large avidity components and are difficult to evaluate. 
Conclusions
We have investigated the photophysical properties of the EGFR/ERBB-targeting kinase inhibitor, lapatinib. Optical spectroscopy and DFT calculations demonstrated that lapatinib functions as an environmentally responsive 'turn-on' fluorophore. This allows the detection of aggregates and protein-bound drug through spectroscopically distinct emission.
One possible application of this information is the monitoring of dose and time dependent blood concentrations. The lack of an ERBB2-specific signal precludes the use of lapatinib fluorescence to differentiate HER2-positive tumors from other cancer types, however, using the inherent fluorescence of lapatinib, we were able to image the accumulation, distribution and aggregation of the drug within cells. It is not clear if aggregates are present in vivo and if they may possibly serve as a reservoir of drug that may act over longer time periods.
Experimental section Computational Methods
The transition energies and frontier molecular orbitals of the aromatic core of lapatinib (see ESI for atoms and coordinates) were calculated by TD-DFT using the CAM-B3LYP functional at the 6-31G(d) level using Gaussian '09. 23 The geometries utilized in the TD-DFT calculations were either calculated for the ground state in the gas phase or obtained from the crystal structure of ERBB2-bound lapatinib (PDB ID: 1XKK). 6
Materials
Inhibitors and bioreagents were obtained from commercial suppliers: lapatinib ditosylate (Selleck Chemicals); canertinib and adenosine 5'-(β,γ-imido) triphosphate (Sigma-Aldrich); ERBB2 kinase domain fragment Q679-V1255 (Biaffin); BSA and mouse anti-ERBB2 (Calbiochem); Alexa Fluor546 goat anti-mouse (Life Technologies).
Optical Spectroscopy
UV-vis absorption spectra were obtained on a Lambda 35 UVvis (Perkin-Elmer) spectrometer with a path length of 1 cm. Fluorescence studies were performed on a LS55 Fluorometer (Perkin-Elmer) with a path length of either 1 cm or 3 mm. For determination of Φ em , solutions were prepared to an optical density of less than 0.05 in order to minimize inner filter effects. Perylene in cyclohexane was used as a reference for quantum yields. 24 Emission lifetime measurements were performed on an EasyLife II (Photon Technology International) using a 340 nm pulsed LED.
Cell Culture and Confocal Microscopy
MCF7 and BT474 cells were cultured as previously described in sterile T-75 flasks. 22 Cells were maintained in RPMI (Cellgro) containing 10% dialyzed FBS (Atlanta Biologicals), penicillin (100 units/mL) and streptomycin (0.01%) solution (Cellgro) under a humidified 5% CO 2 atmosphere. For imaging, cells were seeded at a density of 10 5 cell/cm 2 in 96 microwell plates or on glass coverslips. Cells maintained a normal morphology during the course of the experiments (maximum of 1.5 h) and remained adhered to the imaging plate or coverslip.
Single photon imaging was performed on a Leica SP5 confocal microscope housed within the UM Biology Imaging Core Facility using 405 nm excitation. Two-photon imaging was performed on a Leica MP/SP5 confocal microscope using a Sapphire multiphoton laser tuned to 765 nm.
